Frequencies of H20 pure rotational transitions from 0.5 to 5 THz have been measured with an accuracy of one part in 108 using a tunable far-infrared spectrometer. Measured frequencies of more than a hundred spectral lines provide an excellent wavelength and frequency calibration standard for the far-infrared. A set of molecular parameters based on a Watson-type Hamiltonian has been obtained to reproduce the observed frequencies.
Introduction
The pure rotation spectrum of water vapor which is observed in the far-infrared (FIR) region is particularly strong, and water lines are often observed as a common impurity in spectroscopic studies. Therefore, the rotation spectrum of water vapor is a good calibration choice in the FIR.
Because H20 is a light asymmetric top molecule with strong centrifugal distortion, spectroscopists are attempting to analyze the spectrum using new theories to obtain better accuracy. Accurate measurements of the transition frequencies are necessary to check the validities of the theories.
So far in the FIR region, a few rotational lines of H20 have been measured by Helminger and co-workers [1] [2] [3] using microwave techniques.
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Many rotational lines below 350cm -1 have been observed by Johns [4] , Partridge [5] , and Kauppinen et al. [6] using Fourier transform spectroscopy (FTS). The wavenumber table given by Johns [4] has been a good reference in the calibration of FIR spectrometers. In FTS, however, the accuracy of the measurement is :governed by an instrumental limitation which is estimated to be 6 MHz [4]. Jennings et al. [7] confirmed this with frequency measurements of some H20 rotational lines using a tunable far-infrared (TuFIR) spectrometer based on a frequency difference of CO2 laser lines. Their measurement was of use to check the FTS data of Johns [4] .
In the present work, we used a TuFIR spectrometer at Toyama University to measure systematically the frequencies of pure rotational transitions of H 2 160. Line centers have been determined to the spectrometer accuracy of 10 kHz [8] , an additional uncertainty of typically 10 to 20 kHz added in quadrature. The frequency accuracy has been improved by more than two orders of magnitude compared to that of FTS measurements.
Experimental
Detailed descriptions of the TuFIR spectrometer developed by Evenson and co-workers can be found in previous papers [8] [9] [10] [11] [12] . As shown in Fig. l , radiation from two CO2 lasers and microwave radiation are mixed on a metal-insulatormetal (MIM) diode to generate FIR radiation at a frequency of //FIR = 1/"I --/"Ill -I-/"MW (1) where UFi R is the generated FIR frequency, vl and Vll are the frequencies of the two CO2 lasers, and uMW is a microwave frequency. The MIM diode consists of a tungsten whisker of diameter 25 #m contacting the polished surface of cobalt rod. Tunable radiation from a microwave synthesizer (Hewlett-Packard 8671B) between 6 and 18GHz is coupled onto the diode by a semirigid coaxial cable. The FIR radiation passing through a sample cell is detected by a liquid-helium-cooled silicon composite bolometer (Infrared Laboratories, Inc.). The frequency of each CO2 laser is stabilized to the saturated fluorescence signal from CO2 at 4.3 #m in an external cell. Both of the CO 2 lasers oscillated in the regular bands of normal CO2. With the choice of appropriate pairs of laser lines, FIR radiation at frequencies up to 5 THz can be generated. The FIR radiation is frequency modulated at 1 kHz and phase-sensitively detected by a lock-in amplifier (Stanford Research SR510). As shown in Eq. (1), both of the upper and lower microwave sidebands are generated simultaneously from an MIM diode. However, we can easily discriminate one sideband responsible for a spectral line from the other because the lineshapes are of opposite phases for these two sidebands.
The sample cell is a Pyrex tube of length 0.5m and diameter 30 mm with polypropylene windows of thickness 60 #m at each end. To prevent absorption of FIR radiation by atmospheric water vapor, the path of the FIR radiation outside the sample cell was made as short as possible, and was included in "dry boxes" made of acrylic resin and plastic film as shown with dotted lines in Fig. 1 . Nitrogen gas was introduced into each box to purge the water vapor. Furthermore, a metal vessel containing liquid nitrogen was placed in each box to trap water vapor.
Results
A typical trace of a spectral line near 3.1 THz is shown in Fig. 2 , which displays the 542 +--533 transition in the ground vibrational state. The laser lines were RI(16 ) and RII (22 ) of 12CO2. The microwave frequency was swept from 12491 to 12536MHz to record the spectral line profile. The pressure of the sample gas was 4.7 Pa.
Most of the spectral lines of H E 160 from 0.5 tO 5THz listed in the table of Johns [4] were remeasured with the present spectrometer. The high sensitivity of the spectrometer also enabled us to observe the spectral lines of isotope species such as HDO, H2180, and H 2170 contained in the sample in natural abundance. The natural abundances of H 2180, H2170, and HDO are 0.2, 0.05 and 0.015%, respectively. Frequency measurements of these isotope species are also in progress. About 140 rotational transitions of H 2160 have been measured. The spectral linewidth is limited by Doppler broadening. Each spectral lineshape was fitted by least squares to a theoretical Voigt profile to obtain the transition center frequency. A computer program designed by Chance et al. [13] was used in the fitting. We used five adjustable parameters; the center frequency, the line intensity, the Gaussian and Lorentzian widths, and the spectrometer base line. Obtained center frequencies are shown in Table 1 .
Analysis
Because of the extremely strong centrifugal distortion of the water molecule, calculating its rotational energy levels has been a challenging problem for spectroscopists. New theories for analyzing the water molecule have been extensively studied. Among them are the approach using the Pade approximation [14, 15] , Borel approximation [16, 17] , generating functions [18] [19] [20] , or fourdimensional Hamiltonian [21] . A common motive of these investigations comes from the fact that a calculation of the rotational energy using a Taylorseries Hamiltonian in the Watson form [22] faces some problems in the fitting of highly excited rotational levels.
For the levels with low rotational quantum numbers, however, a calculation based on a Watsontype Hamiltonian is a convenient method of giving precise energy values as shown in Ref. [4] . Hence, the observed frequencies were analyzed using the A-reduced Hamiltonian due to Watson which is most often used for asymmetric rotor molecules. We confined our analysis to obtaining molecular parameters which better reproduce our measurements. The Hamiltonian includes terms involving up to the tenth power in the angular momenta together with one term in the 12th power (the term involving j~2): The weights in the best fit analysis were set proportional to the inverse squares of the experimental uncertainties. The determined molecular parameters are listed in Table 2 . The transition frequencies calculated with these parameters are listed in Table 1 Although a calculation based on the parameters given in Ref.
[4] gives discrepancies of several MHz from measured values, a new set of molecular parameters determined in the present work reproduces almost all the measured frequencies within 1 MHz.
Discussion
Although the selection of lines to be measured was based on Prior to the measurement of these lines, the frequencies of these lines were predicted using a 3  0  3  0  3  3  3  1  2  2  0  3  3  0  2  2  1  10  6  4  10  5  5  7  1  6  6  2  5  10  3  8  10  2  9  6  2  5  5  I  4  9  6  3  9  5  4  8  6  2  8  5  3  10  6  5  I0  5  6  9  6  4  9  5  5  7  6  1  7  5  2  6  6  0  6  5  1  8  6  3  8  5  4  6  6  1  6  5  2  7  6  2  7  5  3  8  0  8  7  1  7  8  1  8  7  0  7  9  1  8  9  0  9  9  2  8  9  1  9  9  3  6  8  4  5 The ltr uncertainties in the last quoted digits are shown in parentheses.
set of molecular parameters preliminary obtained from TuFIR data. We could observe these lines close to our prediction.
Four lines near 132cm -1, 55, 0 ,---54,1, 65, 2 ~ 64,3, 75, 3 +---74,4, and 55,1 ~ 54,2, listed in Table II of Johns were removed from our table because they could not be observed even after several trials. The most likely reason for this is the FIR absorption by a window used for a radiation shield in the bolometer. A characteristic curve of FIR transmission through the window shows a dip near 130cm -~.
Helminger et al. [1] measured five lowest frequency lines in Table I with a microwave spectrometer. Considering the accuracy of the microwave measurement, (150 kHZ) [1] , and that of the present measurement, both the measurements are in agreement within the experimental uncertainty.
Up to now, a number of diatomic species have been studied using TuFIR spectrometers based on frequency difference of CO2 lasers. For a diatomic molecule, the calculation using fitted parameters yields frequencies three to four times more accurate than the measured values [8] . However, the theory for the water molecule is not nearly accurate, and the experimental values are much more accurate.
Conclusion
The frequencies of about 140 rotational lines of H20 from 0.5 to 5 THz have been measured with a tunable far-infrared spectrometer. The list of measured frequencies provides a convenient frequency standard for the far-infrared.
